Gene silencing techniques are widely used to control gene expression and have potential for RNAi-based therapeutics. In this report, transgenic mouse lines were created for conditional knockdown of Srsf3 (SRp20) expression in liver and mammary gland tissues by expressing Srsf3-specific shRNAs driven by a U6 promoter. Although a small portion of the transgenic mouse littermates were found to produce siRNAs in the targeted tissues, most of the transgenic littermates at two months of age failed to display a knockdown phenotype of Srsf3 expression in their liver and mammary gland tissues where an abundant level of Srsf3 siRNAs remained. We saw only one of four mice with liver/mammary gland expressing Srsf3 siRNA displayed a suppressed level of Srsf3 protein, but not the mRNA. Data indicate that the host resistance to a gene-specific siRNA targeting an essential gene transcript can be developed in animals, presumably as a physiological necessity to cope with the hostile perturbation.
Introduction
Small interfering RNA (siRNA) has been widely used as a practical tool to induce a gene silencing through the RNA interference (RNAi) pathway. However, it is also reported that some siRNAs lose their gene silencing activity in certain conditions, through a functional suppression of RNAi [1] [2] [3] . The suppression of RNAi was initially described in plants, in which plant viruses escape from anti-viral siRNAs produced by host cells through the expression of viral suppressors of RNAi [4, 5] . Later on, a suppression of RNAi was also observed in human papillomavirus-infected cervical cancer cell lines, in which exposure of an shRNA transcribed from an H-1 promoter for a certain period of time renders the shRNA-derived siRNAs ineffective in knocking down the expression of human papillomavirus 16 (HPV16) E7 oncogene or cellular p53 tumor suppressor, in spite of the presence of proper processing and production of normal shRNA-derived siRNAs without any change in the shRNA sequence, suggesting the acquisition of an RNAi resistance in those cell populations [2, 3] . A similar observation was subsequently reported in a lentiviral vector-mediated siRNA delivery system, in which RNAi activity was lost even though a residual amount of the shRNA expression vector was still detectable [6] . Although a detailed mechanism underlying the development of RNAi resistance remains to be understood in animal cells, it has been proposed that a cellular protein at 50-kDa in size binds to siRNA and might be responsible for the resistance program [2] . Alternatively, ADAR1-mediated siRNA editing might contributes to siRNA dysfunction [7] .
Although RNA silencing suppression by plant pathogens via viral suppressors of RNA silencing has been known for years [4, 5] and development of RNAi Ivyspring International Publisher resistance was also observed in animal cells in cultures, there is no report of such siRNA resistance being developed in animals. In this article, we report our observation of RNAi resistance in mouse liver and mammary gland tissues with the conditional expression of shRNA-derived siRNAs specifically targeting serine/arginine-rich splicing factor 3 (Srsf3 [SRp20]), a proto-oncogenic splicing factor [8] , in transgenic mouse lines. Liver and mammary gland-specific expression of the Srsf3 siRNA was achieved by albumin promoter (Alb)-and murine mammary tumor virus promoter (MMTV)-dependent Cre-recombinase, respectively. In both cases, the activities of Srsf3 siRNAs, which are highly potent for RNAi induction in cell cultures, were lost in liver and mammary gland tissues at two months of age. Our observation raises a potential caveat in application of siRNA-expression systems in transgenic mice and clinical application of RNAi.
Materials and Methods

Cell culture
NK and 69 cell lines are derived from mouse breast tumor cells with MMTV-c-neu and BRCA1-/-, respectively [9] . NIH3T3 mouse fibroblast cells and HCT116 human colorectal cancer cells are obtained from American Type Culture Collection (Manassas, VA). Cell culture is maintained in 5% CO2 at 37 o C. Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT) was used for 69 and NK cells, DMEM with 10% calf serum (HyClone) for NIH3T3, and McCoy's 5a medium (Life Technologies) supplemented with 10% FBS for HCT116. All medium are also supplemented with 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Antibody
Anti-SRSF3 mouse monoclonal antibody (clone 7B4) was purchased from EMD Millipore (Billerica, MA). Anti-SRSF3 rabbit polyclonal antibody (ab125124) was purchased from abcam (Cambridge, MA). Anti-GAPDH rabbit monoclonal antibody (14C10) was purchased from Cell Signaling Technology (Danvers, MA). Anti-β-tubulin mouse monoclonal antibody was purchased from SIGMA Aldrich (St. Louis, MO).
Preparation and transfection of the conditional shRNA expression plasmids
Conditional Srsf3 shRNA expression plasmids, pJR22, pMA13 and pMA14, are prepared from pBS/U6-ploxPneo with ApaI and EcoRI as described previously [10] . shRNA-coding inserts were prepared by annealing oligo DNAs: oJR 102 (5'-GGAACTAGATGGAAGAACAAAGCTTTGTTCT TCCATCTAGTTCCCTTTTTG-3') and oJR 103 (5'-AATTCAAAAAGGGAACTAGATGGAAGAACA AAGCTTTGTTCTTCCATCTAGTTCC-3') for pJR22 by two steps (stick-end and then blunt-end) of ligation; oMA 7 (5'-CTAGATGGAAGAACACTGTTT CAAGAGAACAGTGTTCTTCCATCTAGTTTTTT-3') and oMA 8 (5'-AATTAAAAAACTAGATGGAAG AACACTGTTCTCTTGAAACAGTGTTCTTCCATCT AGGGCC-3') for pMA13 by stick-end ligation; oMA 13 (5'-GCTATTATGGACCACTCAGAATTCAAGA GATTCTGAGTGGTCCATAATAGCTTTTTT-3') and oMA 14 (5'-GCTATTATGGACCACTCAGAATTCA AGAGATTCTGAGTGGTCCATAATAGCTTTTTT-3') for pMA14 by stick-end ligation. For the expression of shRNAs in mouse cell lines, we prepared re-pJR22, re-pMA13 and re-pMA14, which are Cre/loxP recombination products of pJR22, pMA13 and pMA14 produced in Cre-expressing E. coli BNN 132 strain. Plasmid transfection to cell lines was conducted by Lipofectamine 2000 (Life Technologies).
Northern blotting
Northern blotting for small size RNAs were performed as described previously [11] . Briefly, total RNAs were separated in 15% polyacrylamide gel with 7.5 M Urea and transferred to a nylon membrane for small size RNAs. Probe hybridization was carried out for 16 h at 42 o C in Super-Hybridization buffer (Sigma Aldrich). oMA23 (5'-GGAACTAGATGGAAGAA CA-3', for pJR22 guide-strand siRNA), oMA 25 (5'-CTAGATGGAAGAACACTGT-3', for pMA13 guide-strand siRNA) and oMA 27 (5'-GCTATTA TGGACCACTCAGAA-3', for pMA14 guide-strand siRNA) are end-labeled by γ-32 P ATP and used as individual probes.
Real-time RT-PCR
Total RNA was extracted by TriPure (Roche diagnostics) from mouse cell cultures or tissues and treated with TURBO DNase (Life Technologies). Then, cDNA was synthesized by MuLV reverse transcriptase (Life Technologies), and applied to real-time RT-PCR with TaqMan probes and primers for Srsf3 and Gapdh (Life Technologies). Relative expression levels of Srsf3 were calculated by ΔΔCt from real-time RT-PCR.
Generation and maintenance of transgenic mice
Transgenic mice for the conditional expression of Srsf3 shRNA was generated by pro-nuclear injection of 1 ng/μl of the linearized ~2.7 kb fragment of pMA14, resulting from Asp718 and AflIII digestion, into oocytes isolated from FVB/N mice. Founder mice are screened by genotyping PCR for tail snips. Resulting shRNA/40 +/-strain mice were subsequently crossed with Alb-Cre +/+ or MMTV-Cre +/+ strain mice to obtain shRNA/40 +/-:Alb-Cre +/-, shRNA/40 -/-: Alb-Cre +/-, shRNA/40 +/-:MMTV-Cre +/-and shRNA/40 -/-:MMTV-Cre +/-mice. Male and female mice were kept for continuous mating, and the resulting offsprings were genotyped by PCR for DNA from tail snips. For those mice genotyped, penetration rate of shRNA genotype was determined as following: 47% (9/19) for male, 52% (15/29) for female and 50% (24/48) in total for shRNA/40:Alb-Cre mouse strain; 44% (7/16) for male, 41% (9/22) for female and 42% (16/38) in total for shRNA/40:MMTV-Cre mouse strain. Thus, the inheritance of Srsf3 shRNA/40 followed Mendelian manner. A subset of littermates were then analyzed by Western blot, Northern blot, and real-time RT-PCR. All of transgenic mice are maintained in a mixed background of 129, FVB/N, C57Bl/6, and Black Swiss. All animals are maintained and treated according to the protocol approved by NIH. PCR was performed for 100 ng of purified tissue genomic DNA with a primer pair of F1 (oJR120, 5'-CCATCAGAAGCTGACTCTAGC-3') or F2 (oMA94, 5'-GCACAGACTTGTGGGAGAAG-3') and R1 (oJR119, 5'-GCTATGACCATGATTACGCCA-3').
WST-8 cell proliferation assay
WST (Water soluble Tetrazolium salts)-8 cell proliferation assay was performed by Cell Counting Kit-8 (Dojindo Molecular Technologies, Rockville, MD) as described previously [12, 13] . Briefly, cells were incubated with 10% WST-8 in culture medium for 40 min at 37 o C and the cell culture medium was subjected to 450 nm absorbance measurement to determine cell growth and viability.
Results
Functional validation of Srsf3 shRNA in mouse cells
In order to avoid an embryonic lethality owing to an ubiquitous knockout of Srsf3 [14] , we attempted to knockdown Srsf3 in a tissue-specific manner by Cre/loxP system. In this strategy, we apply a conditional shRNA expression system with a U6 promoter, divided into two segments by floxed neo r (neomycin-resistant gene) sequence (Fig. 1A) [10, 15, 16] . In this system, ~2 kb of neo r insertion disrupts U6 promoter activity in the absence of Cre recombinase. Then, Cre/loxP recombination removes neo r to activate U6 promoter and initiate Srsf3 shRNA expression (Fig. 1A) . To select an optimal shRNA for Srsf3 knockdown, we constructed three shRNA expression plasmids, pJR22, pMA13 and pMA14, by inserting Srsf3 shRNAs into pBS/U6-ploxPneo plasmid (Fig.  1B) [10] to target a splice junction (pJR22 and pMA13) or exon region (pMA14) of Srsf3 (Fig. 1C) and compared them for their processing efficiencies into siRNAs in mouse cells. In order to achieve shRNA expression in mouse cell lines that do not express Cre recombinase, pJR22, pMA13 and pMA14 were processed for Cre/loxP recombination by transformation of Cre-expressing E. coli BNN 132 strain. The resulting post-recombination forms of individual plasmids purified from the BNN 132 strain were renamed as re-pJR22, re-pMA13 and re-pMA14. Then, we transfected re-pJR22, re-pMA13 and re-pMA14 into NIH3T3 mouse fibroblast and 69 mouse breast cancer cells, with pBS/U6-loxP, a Cre/loxP recombination form of pBS/U6-ploxPneo plasmid [10] , as a negative transfection control. Forty-eight h after the transfection, total RNAs were analyzed by Northern blotting for precursor shRNA expression and production of guide-strand siRNA ( Fig. 2A) . Notably, we found an efficient production of the guide-strand siRNA from re-pMA14 ( Fig. 2A, lanes 6 and 11) , but not from re-pJR22 ( Fig. 2A, lanes 4 and 9) or re-pMA13 ( Fig. 2A,  lanes 5 and 10) . Given an efficient processing of pMA14-derived shRNA, we further examined knockdown effect of Srsf3 following transfection of re-pMA14 in NIH3T3, NK and 69 cells. As a result, we found re-pMA14 transfection consistently suppresses Srsf3 expression at protein (Fig. 2B) and mRNA (Fig.  2C ) levels over the pBS/U6-loxP transfected cells. In addition, we also found a significant retardation of cell growth after the re-pMA14 transfection of NK or NIH3T3 cells when compared with the pBS/U6-loxP transfected cells (Fig. 2D) , consisting with the previous observations that Srsf3 plays an essential role in cell proliferation [8, 17] .
Generation of the transgenic mice conditionally expressing Srsf3 shRNAs
After confirming the function of shRNA derived from pMA14 in mouse cells, we next generated the transgenic mice for its conditional expression. We conducted a pronuclear injection of linearized pMA14 plasmid into FVB/N mouse oocytes, and the founder mice were screened by genotyping PCR with a primer set of F1 and R1 for genomic DNA extracted from tail snips (Fig. 3A) . As a result, from 47 mice derived from the injected oocytes, we identified three founder female mice, which we named shRNA/34, shRNA/37 and shRNA/40 (Fig. 3B) . In addition, we found the offspring of shRNA/37 founder mouse do not express shRNA even in the presence of Cre recombinase, as discussed later, and only shRNA/40 strain showed both reproductive function and conditional shRNA expression. In order to achieve a conditional Srsf3 shRNA expression, subsequent breeding of these founder mice revealed that shRNA/34 failed to be pregnant even after a year of mating period with multiple male mice, suggesting shRNA/34 founder mouse has a defect in reproductive function. However, we had successfully bred shRNA/37 and shRNA/40 strains with albumin promoter-or murine mammary tumor virus promoter-dependent Cre expression strains (Alb-Cre and MMTV-Cre, respectively). We confirmed tissue-specific induction of Cre/loxP recombination in Alb-Cre:shRNA/40, MMTV-Cre: shRNA/40 and MMTV-Cre:shRNA/37 mice by PCR for genomic DNA extracted from individual tissues at 2 months of age (Fig. 3C) by showing that F1 and R1 primers led to detect pre-recombination form of shRNA cassette and F2 and R1 primer pair to detect post-recombination form (Fig. 3A and 3C ). Alb-Cre:shRNA/40 mouse showed Cre/loxP recombination predominantly in liver (Fig. 3C, lane 5) and weakly in salivary gland (Fig. 3C, lane 2) , but not in lung, kidney, heart or spleen (Fig. 3C, lanes 3, 4, 6 and  7) .
MMTV-Cre:shRNA/40 and MMTV-Cre: shRNA/37 showed Cre/loxP recombination primarily in mammary gland and salivary gland (Fig. 3C,  lanes 8 and 11 and Fig. 3C, lanes 12 and 15) , but also in kidney and liver in a weaker extent (Fig. 3C, lanes  9-10 and Fig. 3C, lane 13-14) .
In summary, we obtained three founders from 47 screened mice and two of them can be successfully bred with Alb-Cre or MMTV-Cre strain mouse (Fig.  3D) for mouse reproduction.
Development of resistance to Srsf3 knockdown by Srsf3-specific shRNA-derived siRNA in mouse liver and mammary gland tissues
To confirm tissue-specific Srsf3 shRNA expression in Alb-Cre:shRNA/40, Alb-Cre:shRNA/37, MMTV-Cre:shRNA/37, and MMTV-Cre:shRNA/40 mice, total RNA was extracted from individual tissues from 2-month-old mice and Srsf3 shRNA expression was evaluated by Northern blotting with a probe complementary to the guide-strand siRNA from pMA14. In consistent with the presence of efficient Cre/loxP recombination (Fig. 3C) , Alb-Cre:shRNA/ 40 showed Srsf3 siRNA production primarily in liver and weakly in salivary gland, but not in kidney, lung, heart and spleen tissues (Fig. 4A, lanes 2-4, Fig. 4C,  lanes 2-7) . MMTV-Cre:shRNA/40 showed Srsf3 siRNA expression in salivary gland, kidney, liver and mammary gland (Fig. 4A, lanes 9-12) . In contrast, MMTV-Cre:shRNA/37 and Alb-Cre:shRNA/37 did not show Srsf3 siRNA expression in all tissues examined (Fig. 4A, lanes 5-8, and Fig. 4B, lanes 2-9) in spite of successful Cre/loxP recombination in these tissues in MMTV-Cre:shRNA/37 (Fig.  3C ) and Alb-Cre:shRNA/37 was positive in genotyping for Alb-Cre. These observations suggest that the shRNA expression construct had integrated into a chromosomal locus which was accessible by Cre recombinase, but was transcriptionally inactive in shRNA/37 strain. Thus, the offsprings of shRNA/37 founder mouse did not express shRNAs even in the presence of Cre recombinase. In the subsequent studies, only the shRNA/40 strain was used for further studies. We investigated the liver-specific Srsf3 shRNA expression in Alb-Cre:shRNA/40 mice (Fig.  4C) . In Alb-Cre:shRNA/40 and Alb-Cre male littermates, there was no significant difference in body weight (Fig. 4D), liver weight (Fig. 4E) , and liver morphology (Fig. 4F ) at 2 months of age. By comparing individual Alb-Cre:shRNA/40 littermates for their expression levels of Srsf3 shRNA, Srsf3 mRNA, and Srsf3 protein in liver tissues (Fig. 4G-I) , we confirmed the production of Srsf3-specific siRNAs in Alb-Cre:shRNA/40 littermates (Fig. 4G, lanes 2, 5 and 7 ), but not in Alb-Cre littermates (Fig. 4G, lanes 3, 4, 6 and 8) . However, Srsf3 shRNA expression was found not always being accompanied with a reduced level of Srsf3 protein in these liver tissues. Mouse genomic DNAs from tail snips were analyzed by PCR with a primer set of F1 and R1. Three (#34, #37 and #40) out of 47 mice were identified as the founder mice, which we named as shRNA/34, shRNA/37 and shRNA/40. P, plasmid pMA14 positive control. (C) shRNA/37 and shRNA/40 were bred with Alb-Cre or MMTV-Cre mice, and the resulting Alb-Cre:shRNA/40 (male), MMTV-Cre:shRNA/40 (female), and MMTV-Cre:shRNA/37 (female) were analyzed for the Cre/loxP recombination in individual tissues at 2 months of age. PCR was performed for genomic DNAs extracted from individual tissues with primer sets of F2+R1 to detect a post-recombination form and F1+R1 to detect a pre-recombination form of pBS/U6-ploxPneo-derived pMA14 plasmid, respectively. (D) Summary of reproductive function and Cre-mediated recombination of the founder mice of shRNA/34, shRNA/37 and shRNA/40. We found that only one of three littermates showed a suppressed level of Srsf3 protein in their liver tissues (Fig. 4I , compare lanes 1 and 5 with lane 4), but this mouse, mouse d, did not have a significant decrease in Srsf3 mRNA level (Fig. 4H) . Data suggest that the reduction of Srsf3 protein level in the liver of the mouse d could be due to Srsf3 siRNA-mediated inhibition of Srsf3 protein translation, consisting with the report that siRNAs function as miRNAs [18] . In examination of MMTV-Cre:shRNA/40 littermates, we also failed to detect a reduced level of Srsf3 protein in the Srsf3 siRNA-expressing mammary gland tissues (Fig. 4J) .
Discussion
Endogenous production of a gene-specific siRNA via shRNAs expressed from a U6 or H1 promoter has been widely used in various studies [2, [19] [20] [21] . It has been thought that the expressed shRNA-derived siRNAs would mediate long-term, stable knockdown of their target transcripts as long as transcription of the shRNAs takes place, whereas exogenous siRNAs introduced into cells lead to only transiently silence of gene expression and their intracellular concentrations are diluted over the course of successive cell divisions [22] . However, many RNA viruses escape RNAi-mediated suppression by counteracting the RNAi machinery through mutation of the targeted region, by encoding viral suppressors or both [3, 23] . In this report, we provided the evidence that the endogenous Srsf3-specific siRNAs derived from shRNAs does not provide long-term, stable knockdown of their target transcripts in liver and mammary gland tissues of transgenic mouse lines at two months of age while transcription of the shRNAs and normal production of the processed siRNAs take place in these tissues. This data is consistent with the findings that endogenous shRNA-derived siRNAs stably expressed in mammalian cells could also lead to only a short-term effect depending on its target transcripts [2, 6] . It has been our notion that shRNA-derived siRNAs targeting an essential gene transcript are more likely ended up with a short-term effect as a result of the host cells battling to survive [2] and adapting to this hostile perturbation by this gene-specific siRNA. As of today, we have no clue on how cells respond initially, but over time, return to non-responding status even when the shRNA-derived siRNAs that caused the initial response, persist in the cells.
Although many RNA viruses escape RNAi-mediated suppression by counteracting the RNAi machinery through mutation of the targeted region, by encoding viral suppressors, or both [3, 5, 23] , the adapted resistance to a gene-specific siRNA in mammalian cells is distinguishable from the target region mutation-mediated resistance observed in the RNA viruses. Our previous study showed that neither the targeted viral E7 region, nor shRNA-derived HPV16 E7 siRNAs, displayed any mutation in the cervical cancer cell line where the development of siRNA resistance was observed. Conceivably, the cellular machinery must be involved from the early responsive to the later irresponsive status in the continuing presence of a harmful siRNA to host cells. The process of shRNA into functional siRNA involves the cellular RNAi machinery that naturally processes microRNA (miRNA) production to regulate gene expression by modulating mRNA stability and translation. Therefore, all checkpoints regulating miRNA production and function [3, 24] would also apply to regulate shRNA and siRNA production and function. A miRNA precursor surveillance system in quality control of miRNA synthesis was recently introduced by the finding of that cellular TUT7 and TUT4, two terminal uridylyl transferases, uridylate pre-miRNA 3' ends to facilitate their degradation by the exosome [25] . However, this surveillance mechanism would not interpret our finding that the resistance happened when the shRNA-derived siRNAs remained at a high level.
Our observation raises the caution on today's application of siRNA-expression system in transgenic mice and in clinical application of RNAi for therapeutic purpose. Due to required long-term exposure to a gene-specific siRNA, these approaches might trigger the unwanted RNAi resistance response for the cells to cope with siRNA-induced changes. Many biological systems have such homeostatic mechanisms that deal with fluctuating environments to maintain core functions at a steady level [26] .
